a b s t r a c t Dopamine (DA) is a major catecholamine neurotransmitter in the mammalian brain that controls neural circuits involved in the cognitive, emotional, and motor aspects of goal-directed behavior. Accordingly, perturbations in DA neurotransmission play a central role in several neuropsychiatric disorders. Somewhat surprisingly given its prominent role in numerous behaviors, DA is released by a relatively small number of densely packed neurons originating in the midbrain. The dopaminergic midbrain innervates numerous brain regions where extracellular DA release and receptor binding promote short-and long-term changes in postsynaptic neuron function. Striatal forebrain nuclei receive the greatest proportion of DA projections and are a predominant hub at which DA influences behavior. A number of excitatory, inhibitory, and modulatory inputs orchestrate DA neurotransmission by controlling DA cell body firing patterns, terminal release, and effects on postsynaptic sites in the striatum. The endocannabinoid (eCB) system serves as an important filter of afferent input that acts locally at midbrain and terminal regions to shape how incoming information is conveyed onto DA neurons and to output targets. In this review, we aim to highlight existing knowledge regarding how eCB signaling controls DA neuron function through modifications in synaptic strength at midbrain and striatal sites, and to raise outstanding questions on this topic.
Introduction
The dopamine (DA) molecule is a major CNS neurotransmitter that has been the focus of extensive study due to its prominent involvement in core behavioral processes e including motor control, motivation, learning, and memory e and contribution to several neuropsychiatric disorders e including Parkinson's disease, schizophrenia, and drug addiction (Iversen et al., 2010) . DA influences behavioral output by modulating basal ganglia circuit function. This occurs in large part through actions in the striatum, the primary input nucleus of the basal ganglia and predominant afferent target of midbrain DA cell bodies (2. Midbrain-forebrain DA circuits). Research into this mesostriatal DA circuit has revealed a crucial regulatory role for the endocannabinoid (eCB) system, a vast signaling network that controls synaptic transmission throughout the brain and periphery (3. Brief primer to endocannabinoid signaling). Notably, many behaviors and disease states that have traditionally been conceptualized as 'DA-dependent' are now understood to arise from interactions between the eCB and DA systems, including motor control or motor disorders (García et al., 2016) and reward seeking or addiction (Parsons and Hurd, 2015) . Regulation of DA neurotransmission by eCBs arises through modulation of DA neuron effector sites in the striatum (4. Endocannabinoid control of striatal function), DA neuronal activity at midbrain cell bodies (5. Endocannabinoid control of midbrain DA neurons), and DA release at axon terminal endings (6. Endocannabinoid control of terminal DA release). Recent work indicating additional mechanisms by which eCB signaling controls DA function (7. CB2 receptor regulation of DA function) suggests these two systems are even more unified than previously thought. While several questions remain regarding the precise location and mechanisms by which eCBs and DA neurons communicate, it is clear that an understanding of DA neurotransmission cannot be fully realized independently of its relationship with eCB signaling.
Midbrain-forebrain DA circuits
The defining feature of a dopaminergic neuron is an ability to synthesize DA and release it both locally and at distal axon terminals (Subramaniam and Roeper, 2017; Sulzer et al., 2017) . DA is synthesized by tyrosine hydroxylase and aromatic L-amino acid decarboxylase in neuronal cytosol, and packaged into synaptic and dense core vesicles via the vesicular monoamine transporter (VMAT) (And en, 1967; Carlsson et al., 1958; Scherman et al., 1988) . Vesicular release occurs in a calcium-dependent manner from both somatodendritic and axonal compartments (Beart et al., 1979; Beckstead et al., 2004; Besson et al., 1969; Bustos and Roth, 1972) . Dopaminergic cell bodies originate within discrete midbrain nuclei known as the retrorubral field (A8), substantia nigra pars compacta (SNc, A9), and ventral tegmental area (VTA, A10) (Hillarp et al., 1966) . Dopaminergic neurons densely innervate the dorsal and ventral striatum (i.e., nucleus accumbens, NAc), and project more sparsely to certain cortical subregions including the hippocampus and prefrontal cortex, thus comprising the mesocorticolimbic DA system. DA affects target neurons via 5 subtypes of G proteincoupled receptors (GPCRs) that come in two general classes, those that predominantly couple to Ga s/olf heterotrimeric G proteins (D1 and D5 receptors), and those that predominantly couple to Ga i/o G proteins (D2-D4 receptors) (Lachowicz and Sibley, 1997; Neve et al., 2010) . Thus, DA is a 'pure' neuromodulator that exerts slow control over fast neurotransmission, in contrast to many other neurotransmitter systems that have both fast-acting ionotropic and slower acting GPCR-mediated actions.
Receptor activation dissociates the G protein heterotrimeric complexes to liberate Ga and Gb/g subunits (Latek et al., 2012) . Ga s stimulates adenylyl cyclase (AC), which activates a variety of intracellular signaling systems that depolarize neurons, while Ga i/o liberation inhibits AC and suppresses these systems. Gb/g subunits also have signaling functions, including activation of phospholipase C (PLC) and modulation of certain ion channels that ultimately suppresses neuronal activity (Oldham and Hamm, 2006) . This includes activation of G protein-coupled Inwardly-Rectifying Potassium (GIRK) channels and inhibition of voltage-gated calcium channels (VGCCs) (Betke et al., 2012) . Once released, extracellular DA is subject to a number of regulatory mechanisms. The DA transporter (DAT) mediates fast DA re-uptake at cell bodies, dendrites, and axon terminals, and constitutes the main mechanism controlling DA concentrations at extrasynaptic sites, although the norepinephrine transporter also supports DA re-uptake in the prefrontal cortex (Carboni et al., 1990) . DA degradation is primarily catalyzed by monoamine oxidase in striatum, and in some regions catechol-o-methyltransferase plays a dominant role. DA neuron somata and dendrites are activated, inhibited, and modulated by several neurotransmitter systems arising from numerous brain regions, as recently reviewed (Sulzer et al., 2016; Paladini and Tepper, 2017) . For the purposes of this review, we highlight here prominent inputs that control DA neurotransmission and explain in subsequent sections how these inputs are regulated by endocannabinoid (eCB) signaling. In general, glutamatergic inputs excite midbrain neurons through activation of ionotropic, and to some extent metabotropic, glutamate receptors on somatodendritic regions (Morikawa et al., 2003) . However, the M5 metabotropic glutamate receptor, the only one reported to be expressed by midbrain DA neurons, exerts complex effects on terminal DA release (see below). GABAergic inputs generally inhibit DA function via GABA A -type anion-fluxing ionotropic receptors and GABA B -type Gi/o-coupled metabotropic receptors, although notable differences exist in the anatomical and functional characteristics of the GABA receptor subtypes (for review see Paladini and Tepper, 2017) . Midbrain DA neurons also receive prominent neuromodulatory inputs, including particularly dense projections from serotonergic neurons in the dorsal raphe (Watabe-Uchida et al., 2012) , although these projections also release glutamate onto DA neurons in the VTA (Qi et al., 2014) . Finally, autoregulation can occur via DA release at somatodendritic compartments or terminals, which provides feedback inhibition through presynaptic DA D2 receptor (D2-R) binding (Beart and McDonald, 1982; Beckstead et al., 2004; Ford et al., 2009) .
DA neurotransmission is also modulated at release sites in the striatum by several afferent inputs (Cachope and Cheer, 2014) , including cholinergic and glutamatergic sources, which can control terminal DA release independently of DA cell body input (Fig. 1) . Acetylcholine (ACh) released from striatal cholinergic interneurons (CINs; Fig. 1B ) binds ionotropic nicotinic ACh (nACh) receptors on DA terminals, which increases intracellular calcium flux (Zhou et al., 2001; Exley and Cragg, 2008) and elicits DA release in the NAc and dorsal striatum (Cachope et al., 2012; Threlfell et al., 2012) .
The nACh-R subtypes involved in this release are of the a4/6b2 variety with a4 perhaps predominating in dorsal striatum and a6 in NAc (Rapier et al., 1990; Zhou et al., 2001; Exley and Cragg, 2008; Cachope et al., 2012; Threlfell et al., 2012) . CINs also target muscarinic ACh (mACh) GPCRs, which are of the G q/11 -coupled M5 subtype on DA terminals. Activation of M5 mACh-Rs in dorsal striatal (Foster et al., 2014) or NAc (Shin et al., 2015) brain slices inhibits DA released by electrical stimulation (Foster et al., 2014) . In contrast, a non-specific mACh-R agonist, oxotremorine M, potentiates DA release in response to selective optogenetic stimulation of DA neuron axon projections, achieved through virally-mediated expression of channelrodopsin-2 in the VTA. This selective potentiation of DA release requires M5 mACh-R expression on DA neurons (Shin et al., 2015) . By non-specifically depolarizing the terminal field, electrical stimulation likely reveals a polysynaptic route by which M5 mACh-Rs inhibit DA release, while optogenetic measures presumably reflect a direct action of M5 mACh-Rs on DA neuron terminals. ACh release onto presynaptic G i/o -coupled M2/ M4 mACh autoreceptors provides another source of regulation through feedback inhibition of CIN output (Shin et al., 2015; Threlfell et al., 2012) . Finally, CINs can modulate DA terminals by regulating striatal glutamate release that arises from 'non-canonical' glutamatergic neurons. For example, M5 mACh-Rs potentiate glutamate released from VGluT 2 -expressing DA terminals (Shin et al., 2015) , and striatal CINs, which express VGluT 3 , also release glutamate in the striatum (Higley et al., 2011; Nelson et al., 2014) . Similar to ACh, glutamate shapes striatal DA release through direct and indirect actions involving ionotropic and metabotropic receptors (Fig. 1C) . Somewhat surprisingly, local application of ionotropic glutamate receptor agonists (kainate, AMPA, and NMDA) inhibit DA release (Wu et al., 2000; Kulagina et al., 2001; Avshalumov and Rice, 2003) , while AMPA receptor antagonists increase DA released in striatal slices, specifically following pulse train stimulation (Avshalumov and Rice, 2003; Avshalumov et al., 2008) . This inhibitory effect on DA release likely arises via an indirect mechanism because ionotropic glutamate receptors are not thought to reside on DA terminals (Chen et al., 1998) . However, metabotropic M1 glutamate receptors (mGlu-R1s) are expressed by DA terminals (Paquet and Smith, 2003) and their activation following electrical stimulation of corticostriatal afferents also inhibits DA release in striatal brain slices (Zhang and Sulzer, 2003) . Alternatively, glutamatergic signaling can elicit DA release at striatal terminals via ionotropic glutamate receptors on striatal CINs, which supports feed-forward activation of DA release via terminal nACh-Rs (Kosillo et al., 2016) . Clearly, future work is necessary for identifying the location and mechanism by which cholinergic and glutamatergic inputs control terminal DA release. Recent work indicates an important role for eCBs in regulating this circuit, as discussed below (Endocannabinoid control of terminal DA release).
Brief primer to endocannabinoid signaling
The eCBs are signaling fatty acids derived from arachidonic acidcontaining phospholipids (Kano et al., 2009; Katona and Freund, 2012; Castillo et al., 2012) . Primary eCBs in the CNS are channels (VGCCs) following nACh-R or iGlu-R binding, and G g/11 -coupled mACh-R or mGlu-R binding both target intracellular phospholipase C (PLC) signaling. Activation of PLC promotes synthesis of diacylglycerol (DAG), which is hydrolyzed by diacylglycerol lipase alpha (DGLa) to form 2-arachidonoylglycerol (2-AG) that is released onto presynaptic cannabinoid type 1 (CB1) receptors on PFC terminals. CB1 receptors are not found on DA terminals (Julian et al., 2003) or CINs (Hohmann and Herkenham, 2000; Uchigashima et al., 2007) , but are expressed on glutamate terminals , where their activation inhibits glutamate release onto output targets.
arachidonoyl ethanolamide (AEA, also known as anandamide) and 2-arachidonoyl glycerol (2-AG). Both molecules produce juxtacrine and paracrine actions through activation of G i/o -type GPCRs known as cannabinoid receptors. The predominant cannabinoid receptors, deemed CB1 and CB2, are ubiquitously expressed throughout the body. The CB1 receptor is especially enriched in the nervous system and is primarily localized to axon terminal endings (Herkenham et al., 1990; Katona et al., 1999; Nyiri et al., 2005; Tsou et al., 1998) , while the CB2 receptor is expressed at much higher levels in the periphery and resides at pre-and post-synaptic sites. However, recent work demonstrates that functional CB2 receptors are also expressed in the brain (see below). Both receptors are primary targets of D 9 -tetrahydrocannabinol (D 9 -THC), the major psychoactive ingredient in Cannabis sativa. In general, cannabinoid receptor activation decreases neurotransmitter release via inhibition of VGCCs (Betke et al., 2012; Caulfield and Brown, 1992; Graham et al., 1974; Ishac et al., 1996; Kushmerick et al., 2004; Mackie and Hille, 1992; Shen et al., 1996) , inhibition of AC, and activation of GIRK channels. CB1 receptor signaling in the brain typically arises 'on-demand', in that it is dependent on de novo synthesis and retrograde release of eCBs from postsynaptic sites onto CB1-expressing terminals ( Fig. 1D ; Castillo et al., 2012; Ohno-Shosaku and Kano, 2014) . 2-AG is the primary eCB involved in this retrograde inhibition of synaptic activity in the brain (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001 ). Mobilization of 2-AG requires the biosynthetic enzyme, sn-1-diacylglycerol lipase-alpha (DGLa), which is densely expressed in the plasma membrane at dendritic spines postsynaptic to CB1 receptor-expressing terminals. Membrane depolarization, activation of metabotropic receptors that stimulation G q/11 -coupled GPCRs, and increased intracellular [Ca 2þ ] promote 2-AG production by activating a cascade of intracellular events involving phospholipase-C-b (PLC-b)-dependent production of 1,2-diacylglycerol, which is hydrolyzed by DGLa to form 2-AG (Hashimotodani et al., 2005; Maejima et al., 2001; Tanimura et al., 2010; Varma et al., 2001 ). The canonical mode of eCB signaling has been best characterized in brain regions where the requisite molecular machinery is densely expressed, including the hippocampus, cerebellum, cortex, and striatum, where binding of postsynaptically-synthesized 2-AG to presynaptic CB1 receptors promotes short-term and long-term depression (STD/LTD) of neurotransmitter release. STD is defined as persisting only while the eCB is active at CB1 receptors (Heinbockel et al., 2005) and occurs following brief (10s) depolarization of postsynaptic neurons. This form of plasticity occurs at glutamatergic (excitatory) and GABAergic (inhibitory) synapses where it is termed depolarizationinduced suppression of excitation (DSE) or inhibition (DSI), respectively. Activation of G g/11 -coupled receptors can also trigger eCB synthesis (Hashimotodani et al., 2007) and eCB-STD through intracellular signaling cascades that activate PLC-b (Castillo et al., 2012) . This receptor-mediated inhibition can occur independently of DSE/I or can potentiate DSE/I if GPCR activation coincides with postsynaptic depolarization.
Similar mechanisms drive eCB-mediated long-term depression (eCB-LTD), which persists for at least 1 h after cessation of the induction protocol, well after CB1 receptor binding has ceased . Induction of eCB-LTD requires strong and persistent synaptic activity that coincides with the requisite intracellular molecular signals in presynaptic terminals. Similar to DSI/DSE, eCB-LTD is observed at both GABAergic and glutamatergic synapses throughout the brain, is initiated by retrograde release of postsynaptically-synthesized eCBs, and requires presynaptic CB1 receptor activation. However, CB1 antagonists only disrupt eCB-LTD when present during, or just after, induction, but not once synaptic depression is established. Thus, CB1 receptor binding sets into motion a series of molecular events that acquire independence from CB1 receptor activity. In addition to CB1 receptor signaling, eCB-LTD also requires increased intracellular calcium at the presynaptic terminal e typically elicited by repetitive depolarization (Heifets et al., 2008; Mato et al., 2008) e and inhibition of AC by CB1-linked Ga i/o signaling, leading to inhibition of protein kinase A and decreased phosphorylation of substrates such as the vesicleassociated Rim1 proteins (Chevaleyre et al., 2007; Mato et al., 2008) . Increased protein translation at the presynaptic terminal is also necessary for eCB-LTD expression Younts et al., 2016) . The net result of these processes is a long-lasting decrease in the probability of presynaptic vesicle fusion and neurotransmitter release at most synapses (but see Carey et al., 2011) . The necessary infrastructure for eCB-mediated plasticity is present at both DA cell body and terminal regions, allowing finetuned regulation of DA neuronal activity and its influence on target neurons.
Endocannabinoid control of striatal function
In the striatum, CB1 receptors are expressed at presynaptic terminals of GABAergic interneurons, glutamatergic projection neurons, and local collaterals from GABAergic medium spiny neurons (MSNs) (Lafourcade et al., 2007; Fitzgerald et al., 2012) . CB1 receptor expression levels are highest in the dorsolateral striatum and decrease along a ventromedial gradient (Martín et al., 2008) . DGLa is expressed in the plasma membrane of MSN dendritic spines and is required for 2-AG-mediated retrograde suppression of synaptic transmission in the striatum (Tanimura et al., 2010) . CB1 receptors on glutamatergic terminals arising from the prefrontal cortex are particularly important for LTD of corticostriatal and coritcoaccumbens synapses, a form of activity-dependent plasticity that is important for action initiation, motor learning, and habit formation (Jin and Costa, 2015; Hil ario and Costa, 2008) . The most common LTD protocol is high-frequency-evoked LTD (HFS: 100 Hz) and this engages the convergent activity of DA D2-Rs-nd mGlu-R1s (mGlu-R1: encompassing mGlu-R1 and mGlu-R5 subtypes) on MSNs Wang et al., 2012; Plotkin et al., 2013) . In contrast, LTD evoked by low-frequency stimulation e closer to normal cortical firing frequencies (LFS: 10 Hz) e requires postsynaptic DA receptor activation (D1 or D2 type), but not mGlu-R1 activation, and occurs in the absence of MSN depolarization (Ronesi and Lovinger, 2005) . Both HFS and LFS LTD protocols require eCB release from MSNs and CB1 receptor binding at presynaptic corticostriatal terminals (Gerdeman and Lovinger, 2001; Tanimura et al., 2010 ).
An alternate means to measure corticostriatal plasticity uses a label for recycling synaptic vesicles, the endocytic probe FM1-43, and enables measurement of activity at individual presynaptic sites (Wong et al., 2011) . In these studies, DA inhibits the fusion of synaptic vesicles at corticostriatal synapses in a D2-R dependent manner, a phenomenon labeled 'chronic presynaptic depression' (CPD), a form of plasticity that may last for the life of the animal (Bamford et al., 2008; Storey et al., 2016) . This optical approach resolves that DA-dependent inhibition is spared at the most active synapses, providing a 'high-pass filter' of corticostriatal input (Bamford et al., 2004 (Bamford et al., , 2008 . D2-R-dependent CPD and filtering of corticostriatal excitation is, like LTD, dependent on presynaptic CB1-R activation Wang et al., 2015) . Indeed, while inhibiting CB-Rs does not directly disrupt corticostriatal activity, it occludes D2-R-dependent CPD. In unilaterally DA depleted mice that show 'supersensitive' D2-Rs, CB1 receptor inhibition additionally suppresses the most active terminals. The role for CB1-Rs in presynaptic inhibition is downstream from activation of mGlu-R5 and D2-R, as CB1-R antagonists block D2-R effects and CB1-R agonists inhibit this activity without D2-R activation .
LTD and CPD may represent aspects of a common form of retrograde eCB-dependent inhibition of synaptic transmission. However, the precise mechanisms responsible for eCB effects may vary: HFS-LTD requires depolarization of MSNs by ionotropic glutamate receptors to open L-type calcium channels (Adermark et al., 2009; Plotkin et al., 2013) while LFS LTD requires eCB transmission but not postsynaptic depolarization, NMDA, AMPA, or mGlu-R1 activation (Ronesi and Lovinger, 2005) . Alternatively, LFS-CPD requires D2-R, mGlu-R5, and CB1 receptor . As mGlu-R5 and D2-R are located extrasynaptically, and as high corticostriatal activity can lead to glutamate spillover that activates extrasynaptic metabotropic glutamate receptors (Zhang and Sulzer, 2003) , it may be that when glutamate and DA both engage in extrasynaptic neurotransmission, the resulting release of eCBs allows transmission from the most active corticostriatal terminals and inhibits the less active synapses. This requirement for combinatorial synaptic activity could serve as a coincidence detector that supports sensorimotor learning mechanisms, as synaptic selection would only occur during convergent extrasynaptic transmission of DA activated by environmental stimuli and extrasynaptic activation of mGlu-R5 during physiologically relevant levels of cortical activity. The means by which active terminals evade inhibition remains unknown, but a possibility is that high calcium or cAMP levels may override eCB signaling.
Endocannabinoid control of midbrain DA neurons
Dopaminergic cell bodies projecting to striatal regions arise in the VTA and SNc complex, of which they comprise~50e90% of the neurons depending on the subregion (Ungless and Grace, 2012; Margolis et al., 2006) . Activity patterns of the dopaminergic midbrain consist of slow (2e4 Hz), asynchronous tonic firing patterns that briefly shift to phasic (15e30 Hz) bursts, although anatomical heterogeneity in neuronal activity is pronounced (Lammel et al., 2014) . Terminal DA release is highly sensitive to cell body firing frequency, and bursting patterns can elicit transient (~1e2 s), high concentration release events in terminal regions, particularly the NAc (Zhang et al., 2009 ). This phasic DA activity is important for ascribing value to environmental events and motivating action. For example, phasic firing and release in the NAc is elicited by reward receipt, but inhibited by aversive stimuli (Roitman et al., 2008; Ungless et al., 2004 ; but see BrombergMartin et al., 2010) . Moreover, cues predicting rewarding or aversive events increase phasic signaling coincident with action initiation (Oleson et al., 2012a,b; Syed et al., 2016) . These stereotyped activity patterns are driven by excitatory and inhibitory inputs arising from numerous afferent structures and interneurons that are filtered by local eCB signaling at midbrain DA neurons.
While DA neurons do not express CB1 receptors (Julian et al., 2003) , CB1 receptors tightly regulate DA neuronal activity. CB1 agonists (including D 9 -THC) increase DA cell firing in the SNc and VTA (French et al., 1997; Cheer et al., 2003) , and DA release in the NAc (Cheer et al., 2004; Tanda et al., 1997) in vivo. Additionally, local application of CB1 agonists in brain slice preparations increases singe-spike firing and bursting rates of DA neurons (Cheer et al., 2000) , indicating that CB1 receptors control DA activity through modulation of local circuitry in the midbrain. CB1 receptors are expressed at presynaptic inputs to DA neurons (Matyas et al., 2008; Fitzgerald et al., 2012) and facilitate or suppress DAergic neuron activity depending on their presynaptic locus. By decreasing the probability of neurotransmitter release, CB1 receptors on GABAergic terminals can facilitate DAergic activity through suppression of inhibitory input onto GABA A or GABA B receptors on DA neurons (Szabo et al., 2002; Riegel and Lupica, 2004; Melis et al., 2013; Wang et al., 2015) . Alternatively, CB1 receptors at glutamatergic synapses suppress excitatory drive onto AMPA or NMDA receptors on DA neurons (Melis et al., 2004a (Melis et al., ,b, 2006 Riegel and Lupica, 2004) . The mechanism of this presynaptic inhibition is similar in DA neurons of the SNc and VTA, although the affected inputs are likely distinct (Watabe-Uchida et al., 2012) .
Endogenous modulation of DA neurons via CB1 receptor signaling is largely accomplished by the eCB 2-AG (Fig. 2) . As is the case for striatal MSNs, DGLa is expressed on the plasma membrane of DA neurons at postsynaptic sites opposing CB1 receptorexpressing terminals (Matyas et al., 2008) , providing the requisite infrastructure for retrograde eCB transmission. Stimuli that increase DA neuronal firing and bursting activity support 2-AG mobilization and transient inhibition of afferent input via DSI and DSE (Riegel and Lupica, 2004; Wang et al., 2015) , allowing DA neurons to regulate incoming signals and orchestrate ongoing activity patterns. Retrograde inhibition of synaptic input to midbrain DA neurons is also triggered by eCB release following activation of a number of G q/11 PCRs that target intracellular PLC-b, including mGlu-R5 glutamate receptors (Pan et al., 2008) , a1 noradrenergic receptors , OX1 orexin receptors (Tung et al., 2016) , and NT1 neurotensin receptors (Kortleven et al., 2012) . Similar to the striatum, receptor-mediated eCB release can occur independently of elevated [Ca 2þ ] or simultaneously to synergistically potentiate 2-AG production. Synergistic activity is important for promoting the induction, but not expression (but see Kortleven et al., 2012) , of LTD at inhibitory (i.e., I-LTD) and excitatory synapses (Pan et al., 2008; Zhong et al., 2015; Kortleven et al., 2012; Labou ebe et al., 2013) . Co-activation of CB1 receptors and DA D2-Rs at presynaptic terminals also supports I-LTD induction through synergistic inhibition of intracellular cAMP/PKA signaling and decreased neurotransmitter release (Pan et al., 2008) . Modification of presynaptic input via activity-dependent 2-AG mobilization controls dopaminergic processing of reward. Midbrain DA neurons receive extensive GABAergic input from numerous brain regions that provides tonic inhibition of spontaneous activity (Paladini and Tepper, 2017) . Removing this inhibitory constraint using GABA A or GABA B antagonists increases tonic firing and bursting rates of DA neurons (Lobb et al., 2010) . Moreover, optogenetic experiments demonstrate that selectively inhibiting GABAergic input to VTA DA neurons evokes phasic DA release in the NAc (Nieh et al., 2016) and reward-seeking (Stamatakis et al., 2013; Nieh et al., 2016) , suggesting that eCB-mediated depression of GABAergic input can drive appetitive behavior. As mentioned above, retrograde 2-AG release onto CB1 receptors inhibits GABA release onto DA neurons (Riegel and Lupica, 2004; Lupica and Riegel, 2005) , and CB1 agonists or 2-AG degradation inhibitors (aimed at increasing tissue concentration) facilitate DA neuronal encoding of reward or reward-paired cues (Oleson et al., 2012b) and positive reinforcement maintained by intra-cranial self-stimulation (ICSS) of the VTA (Oleson et al., 2012b ; but see Wiebelhaus et al., 2015) . Notably, CB1 antagonists or 2-AG synthesis inhibitors do not typically disrupt DA cell firing (Cheer et al., 2000) or DA release in the NAc (Cheer et al., 2007; Covey et al., 2016; Wang et al., 2015) per se, but rather suppress increases evoked by pharmacological or behavioral manipulations. Thus, 2-AG exerts little tonic control of DA function, but is recruited 'on-demand' during periods of heightened activity. Accordingly, stimuli that enhance DA cell firing (e.g., rewards and associated cues) can promote 2-AG mobilization and initiate a positive feedback loop that facilitates subsequent DA function and appetitive behavior. Alternatively, eCBmediated suppression of glutamatergic input to DA neurons can decrease reward processing. For example, elevated insulin signaling within the VTA elicits eCB-mediated LTD of DA neurons by suppressing glutamatergic input, and this decreased excitatory drive is associated with reduced food reward (Labou ebe et al., 2013). Whether eCB-dependent inhibition of glutamate input also elicits transient decreases in DA function evoked by aversive stimuli is yet to be determined.
Mounting evidence also identifies VTA eCB signaling as an important conduit by which addictive drugs access brain reward circuits (Lupica and Riegel, 2005; Parsons and Hurd, 2015) . Drug reinforcement critically depends on drug-evoked elevations in brain DA levels, particularly in the NAc (Di Chiara and Imperato, 1988) , which is thought to 'hijack' normal reward learning mechanisms (Hyman et al., 2006) . Temporally-resolved measures of NAc DA dynamics using fast-scan cyclic voltammetry also demonstrate that e despite marked differences in cellular targets and pharmacological actions across drug classes e CB1 antagonists inhibit the ability of cannabinoids, nicotine, ethanol, cocaine, and amphetamine to elicit high concentration, phasic DA release events in awake animals (Cheer et al., 2007; Wang et al., 2012; Covey et al., 2016) . This may explain the ability of CB1 antagonists to dramatically suppress drug reinforcement (Lupica and Riegel, 2005; Lazary et al., 2011) . Given the on-demand nature of eCB signaling and low eCB tone in the VTA, CB1 receptors likely control drug-evoked DA signaling by responding to enhanced 2-AG levels. Indeed, recent work demonstrates that cocaine Tung et al., 2016) and nicotine (Buczynski et al., 2016) trigger 2-AG synthesis in the VTA, which suppresses GABAergic input to disinhibit DA neurons.
Drug-induced activation of 2-AG-CB1 receptor signaling and inhibition of GABAergic transmission to VTA DA neurons is also critical to drug reward/reinforcement. An important role for eCBs in cocaine reward is indicated by work showing that intra-VTA infusions of a CB1 antagonist blocks acquisition of cocaine conditioned place preference, and I-LTD subsequently measured ex vivo (Pan et al., 2008) . Stress-induced reinstatement of an extinguished cocaine conditioned place-preference is also controlled by 2-AG-CB1 receptor signaling (Tung et al., 2016) . This process is dependent on OX1 orexin receptor activation on VTA DA neurons, which elicits receptor-mediated 2-AG mobilization onto GABAergic inputs and disinhibits DA neuronal firing. Similar mechanisms may underlie the ability of CB1 antagonists to suppress stress-induced reinstatement of drug seeking, which has been demonstrated for several drug classes (Fattore et al., 2007; Parsons and Hurd, 2015) . Additionally, microdialysis measures in the VTA show that nicotineevoked increases in extracellular 2-AG levels coincide with decreases in GABA levels (Buczynski et al., 2016) . This effect is potentiated by chronic nicotine exposure (Buczynski et al., 2016) , as would be expected following eCB-mediated I-LTD, and suppressed by disrupting 2-AG synthesis in the VTA. Local DGLa inhibition also decreases nicotine self-administration, indicating that 2-AG production and suppression of inhibitory drive to the VTA serves a critical role in nicotine reinforcement. Such drug-induced decreases in inhibitory transmission may have the additional effect of facilitating LTP of excitatory glutamatergic synapses at VTA DA neurons (Liu et al., 2005) , a well-characterized form of plasticity thought to critically support drug reinforcement (Luscher, 2013) .
Endocannabinoid control of terminal DA release
In addition to the prominent actions at midbrain DA neurons, eCB signaling also controls DA release via local modulation of afferent terminal input onto DA axon terminals (Fig. 1D) . In accordance with the absence of CB1 receptors on DA neurons (Julian et al., 2003; Fitzgerald et al., 2012) , in vitro voltammetry experiments in striatal brain slices demonstrate that CB1 receptors do not influence DA release in dorsal striatum evoked by single electrical pulse stimulation (Sidl o et al., 2008; Szabo et al., 1999) . However, a CB1 agonist inhibits DA released by stimulus trains (Sidl o et al., 2008) . This involves polysynaptic and indirect effects, including generation of H2O2 by striatal MSNs, and activation K ATP channels Fig. 2 . Endocannabinoid control of midbrain DA neurons. The endocannabinoid 2-AG is synthesized by DA neurons via DGLa and released onto presynaptic CB1 receptors of GABAergic (GABA) and glutamatergic (GLUT) terminals. Several signaling mechanisms target PLC to trigger DGLa activity, including increased Ca 2þ flux (e.g., following iGluR signaling) and G g/11 GPCR binding. A number of identified G g/11 GPCRs drive 2-AG synthesis and CB1 receptor-mediated inhibition of presynaptic input, including type 1 orexin receptors (OX1R; Tung et al., 2016) , alpha1 adrenergic receptors (a1R; Wang et al., 2015) , mGluR5 glutamate receptors , insulin receptors (IR; Labou ebe et al., 2013), and neurotensin receptors (NTSR; Kortleven et al., 2012) .
in DA terminals. The stimulus-dependence of this effect is likely due to low eCB tone in the brain slice preparation that is increased by sustained depolarization. However, the precise location and mechanisms mediating eCB regulation of terminal DA release remain unclear. As mentioned above, striatal MSNs possess the requisite molecular machinery for 'on-demand' production of eCBs, and CB1 receptors are located at presynaptic sites surrounding DA terminals . Thus, eCB signaling can modify terminal DA function at several loci. Identifying the specific loci, however, has proven difficult. One potential source of eCB modulation are CINs, which profoundly influence DA terminals and, as stated above, have recently been shown to regulate DA release independently of cell body activation (Cachope et al., 2012; Threlfell et al., 2012; Zhou et al., 2001) . Striatal CINs can also modulate local eCB signaling by facilitating depolarization-induced eCB release from striatal MSNs . However, CB1 receptors are not found in striatal CINs (Hohmann and Herkenham, 2000; Uchigashima et al., 2007) . Alternatively, CB1 receptors on glutamatergic afferents could directly modulate DA release at terminals in the striatum, but glutamate receptor control of terminal DA release remains poorly understood. For example, while striatal DA transmission is regulated by cortical input (Krebs et al., 1991; Zhang and Sulzer, 2003) , the mechanism through which ionotropic glutamate receptors contribute is unclear because these receptors are not thought to be expressed on DA axons (Chen et al., 1998 ).
An important outstanding question is how DA release at axon terminals integrates eCB actions at cell body and terminal regions. Because eCBs are released "on-demand", the neuronal signals driving eCB release at cell body versus terminal regions are likely unique under certain conditions, allowing separable regulation at distinct neuronal loci. Alternatively, actions at both sites may occur simultaneously. For example, systemically administered agonists may enhance DA neuron firing rates through disinhibition, but reduce the probability of DA release at terminal endings. In this situation, one might expect a decrease in DA-dependent behaviors (e.g. locomotor stimulation, intracranial self-stimulation) due to decreased DA output in forebrain target zones combined with enhanced DA release at somatodendritic sites and D2 autoreceptormediated inhibition of neuronal firing. Conversely, if eCB signaling at terminal regions is able to somehow facilitate DA release, a synergistic effect could arise. The net effect of CB1 actions at both sites will also depend on the baseline level of activity, such that enhancing DA neuronal firing may have a larger effect when baseline frequency is low compared to when neurons are bursting at near-maximal frequencies. At the terminal zone, the impact of CB1 activation will depend on the extent of cortical input since CB1 receptors are confined to cortical terminal endings. Accordingly, if DA release is driven primarily by midbrain or thalamic activation, then local eCB signaling will have little effect.
CB2 receptor regulation of DA function
Although 2-AG binds with equal affinity at the CB1 and CB2 receptors (Atwood and Mackie, 2010; Lu and Mackie, 2016) , studies on eCB regulation of DA function have preferentially focused on the CB1 receptor. This is because CB2 receptors have historically been thought to reside primarily in the periphery, with high expression levels in the spleen and immune cells (Munro et al., 1993) . However, recent evidence identifies CB2 receptor expression in several brain areas including the midbrain and striatum, and suggests an important role in modulating DA function. As mentioned above, CB2 receptors, similar to CB1 receptors, are G i/o -coupled and inhibit neuronal activity. In contrast to CB1 receptors, CB2 receptors are expressed by DA neurons (Zhang et al., 2015) and CB2 agonists inhibit DA neuronal firing and terminal release . CB2 receptor activation has also been recently shown to suppress drug reward (Xi et al., 2011) . Moreover, a recent paper from Foster et al. (2016) indicates that CB2 receptor-dependent inhibition of striatal DA release is driven by ACh. The CB2-dependent inhibition of DA release was found to depend on M4 receptor activation on striatal D1-expressing MSNs and subsequent 2-AG mobilization onto CB2 receptors, presumably located on DA terminals. In general, the extent to which these CB2-mediated effects can be generalized to other neural circuits and behaviors is not yet clear because species differences in CB2 receptor structure and expression may underlie differential effects of CB2 manipulations in mice and rats (Liu et al., 2009; Zhang et al., 2015) . Additionally, while exogenous activation of midbrain CB2 receptors influences DA neuronal activity and behavior, the endogenous factors and circumstances driving CB2 receptor signaling are not established.
Summary and conclusions
Work presented herein highlights the important functional relationship between DA and eCB signaling in the regulation of brain function and behavior. Interactions between these two systems are prominent at each node of the mesostriatal DA circuit and critical to short-and long-lasting changes in DA neurotransmission. Practically, this work implicates eCB-based therapies as valuable treatments for disorders associated with aberrant DA function. Such an endeavor will require a better understanding of how eCBs and eCB manipulations influence behavior, especially over longterm treatment protocols. Theoretically, investigations into eCB control of DA neurotransmission have revealed important mechanisms by which neural circuits communicate through bidirectional synaptic signaling. A paucity of information remains, however, regarding the specific locale and conditions that drive eCB regulation of DA function. Because eCB signaling occurs at synapses possessing the requisite infrastructure (i.e., synthetic machinery and receptor expression), it is important that future work provides detailed anatomical and functional mapping of the afferent inputs that are subject to eCB modulation. 
